Abstract: The limb regenerative capacity of toad Bufo japonicus formosus was investigated in metamorphosing tadpoles, toadlets, and adults of various sizes by amputating forelimbs at the midpoint of the zeugopodium. Almost all limbs amputated in tadpole stages regenerated heteromorphically.
To summarize the results of previous studies, it has been shown that the regenerative capacity of anuran limbs falls generally into three main categories, viz. 1) loss of the regenerative capacity during late stages of metamorphosis as in Bufo (Michael and E1 Malkh, 1969; Michael and Niazi, 1972) , Alytes (Lecamp, 1960) and Rana (Rose, 1944; Polezhaev, 1946) , 2) conspicuous decline in capacity during postmetamorphic growth as in Rana and Hyla (Kurabuchi and Inoue, 1982b; Kurabuchi, 1990a) , and 3) retention of the capacity up to the adult stage as in Rana (Kurabuchi, 1990b; Inoue, 1982b, 1988; Michael and A1 Sammak, 1970) , Rhacophorus (Kurabuchi et al., 1985) , Hyperolius (Richards et al., 1975) and Xenopus (Dent, 1962; Goode, 1962 Goode, , 1967 . However, limb regenerations in anurans are always heteromorphic without becoming a morphologically complete limb. The reason for the loss of the limb regenerative capacity of anura after metamorphosis has been studied and is thought to be caused by the insufficient quantity of innervation or the change in the nature of the tissues in the limb stump during metamorphosis.
For instance, heteromorphic limb regeneration can be induced by a variety of means in adult anurans which would not otherwise regenerate, e. g., by augmentation of nerve supply, NaCl treatment, pricking the stump, electrical stimulation, and embryonic tissue implants (Kurabuchi, 1990a; Inoue, 1982a, 1988; Polezhaev, 1946; Rose, 1944; Schmidt, 1968; Singer, 1954) .
In the present report the limb regenerative capacity is examined in the Japanese common toad Bufo japonicus formosus of the family Bufonidae, whose limb regenerative capacity has not been fully studied.
Though the members of the family Bufonidae have been classified into category 1 mentioned above, it seems necessary to minutely examine the limb regeneration in this family by employing the recently developed technique for toadlets kept for a long period after metamorphosis.
Further, to ascertain the relationship between limb regeneration and the nerve, the quantity of innervation of the limb stumps was measured and the values obtained in the regenerating limbs of tadpoles were compared with those in the occasionally regenerating limbs of toadlets and nonregenerative adult limbs.
MATERIALS AND METHODS
The eastern Japanese common toad Bufo japonicus formosus (Bufonidae) was used. Tadpoles and adults were collected in the vicinity of Maebashi City. The tadpoles were raised to metamorphosis in the laboratory and fed boiled spinach regularly. The metamorphosed toadlets and the adults collected in the field were fed crickets of a suitable size several times a week. Twenty tadpoles each of stages 42, 44, and 46 were morphologically classified with reference to the normal table of Gosner (1960) , and 20 toadlets (one month after metamorphosis) and several adults of various sizes according to Maeda and Matsui (1989) were prepared for the present series of experiments.
They were anesthetized in 0.1% MS 222 and their intact tions were made through the zeugopodium at its midpoint and then stained for nerve fibers using the silver nitrate method of the modified Bodian's method of Otsuka (1962) . The cross-sectional area of the limb and the total nerve trunk area were measured with a video image processor (Olympus, VIP-25).
The quantity of innervation was then expressed as a percentage of the cross-sectional area occupied by nerves, i. e., nerve quantity= total cross-sectional area of nerves cross-sectional area of limb
RESULTS AND DISCUSSION
As shown in Table 1 , regeneration from the stumps of the forelimbs was limited to the groups in which the amputation of limbs was done in tadpole stages and shortly after metamorphosis.
All of the limbs amputated at tadpole stages 42 and 44 showed signs of heteromorphic regeneration.
The final regenerative outgrowths (obtained three months after amputation) were simple rod-shaped ones without any finger-like projections (Fig. 1) , and there was slightly less proximo-distal elongation when amputated at stage 42 than at stage 44. However, when amputated at stage 46, at which metamorphosis was completed and the body was about 8mm in snout-vent length, the rate of occurrence of regeneration decreased; about 80% of the limbs outgrowth after amputation was performed at tadpole stage 42. b) A similar shaped one, shorter in length than outgrowth a), amputated at tadpole stage 46. c) A small raised outgrowth from the limb stump following amputation in a one-month-old toadlet. showed signs of regeneration, and there was less elongation of the regenerative outgrowths than in the above two groups. Further, when the limbs were amputated in toadlets (15-20mm in snout-vent length) one month after metamorphosis was completed, regeneration occurred in only 40% of cases, and the regenerative outgrowths were very short. Larger/older young and adult toads from 3 to 10cm in snoutvent length did not show any signs of limb regeneration (Fig. 1) .
These results show that the regenerative capacity of forelimbs in Bufo japonicus formosus is almost entirely lost not long after metamorphosis.
Though a few toadlets soon after metamorphosis showed signs of heteromorphic regeneration, there were fewer cases of elongation of the regenerative outgrowths than in those amputated during tadpole stages. Furthermore, such periods during which the toadlets possessed limb regenerative capacity were remarkably short in comparison with the lifetime of the toad. That is, the regenerative capacity of this species falls into category 1, those losing the regenerative capacity of the limbs after metamorphosis, the same as the other bufonid species, Bufo regularis and Bufo viridis, previously reported E1 Malkh, 1969, Michael and Niazi, 1972) .
As summarized in Table 2 , the thickness of limbs (cross-sectional area of the forelimbs) decreased a little until the completion of metamorphosis, and then the limbs became remarkably thicker.
The value for the amputation area of the limbs was about seven hundred times as great in mature adults as in toadlets immediately after metamorphosis (stage 46). But the total cross-sectional nerve area in the forelimb stump increased gradually during and after metamorphosis and then became about eighty times as large in mature adults as in metamorphosed toadlets. Thus, the quantity of innervation measured in tadpoles from stage 42 to stage 46 gradually increased, reached its maximum by the completion of metamorphosis (stage 46) and then remarkably decreased not long after metamorphosis. The pattern of the increase and decrease in the quantity of innervation found in these Bufo limbs was almost the same as documented in developing Rana hindlimbs during metamorphosis (Van Stone, 1964) and Rana forelimbs during postmetamorphic growth (Kurabuchi and Inoue, 1988) . Reserchers have shown that, compared to the capacity for limb regeneration, no correlation with nerve density appears during metamorphosis, but, on the other hand, that the loss of regenerative capacity after metamorphosis correlates with the reduction in innervation of limbs. In the Bufo used in the present study, the decline in limb regenerative capacity in the late stages of metamorphosis was not consistent with the quantity of innervation, because the rate of limb regeneration which occurred and the elongation of the regenerative outgrowths were less in the metamorphosed toadlets with the greatest amount of innervation among metamorphosing tadpole stages. Remarkable structural changes occur during metamorphosis, and this refers to the stage in which the tadpole not only loses its tail but also diminishes in size, and several tissues change from the toadpole to the adult form. Thus, several factors other than nerves need to be considered in connection with the loss of limb regenerative capacity. However, a direct relationship between the quantity of innervation and regenerative capacity has been shown in studies causing regeneration by diverting the sciatic nerve to the forelimb. The artificial augmentation of nerve supply resulted in the occurrence of regenerative growth in nonregenerating limbs of frogs, because the innervation threshold for limb regeneration was sufficiently supplemented (Kurabuchi, 1990a; Kurabuchi and Inoue, 1988; Singer, 1954) .
Therefore, if examined after metamorphosis, it is certain that the decline in regenerative capacity can be in part attributed to the reduction in forelimb innervation to below the threshold level.
There is no doubt that nerves are essential for limb regeneration except in the case of aneurogenic limbs artificially produced in larval amphibians (Wallace, 1980; Yantema, 1959) , but it has been shown that a variation in the limb regenerative capacity of the different species at different amputation levels cannot be explained solely by variations in the quantity of innervation (Kurabuchi, 1990b; Scadding, 1982 Scadding, , 1983 Van Stone, 1955) , because the method used in estimating the amount of nerve tissue occupying the unit area of the limb stump normally used as usual will not always represent the physiological action of the nerve, that is, the amount of the neurotrophic factors. Unfortunately, the neurotrophic factors thought to be introduced from the nervous system has not yet been elucidated.
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